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FOREWORD 

This report sunmarlaes the work conducted by McDonnell Douglas Astronautics 
Company-East (MDAC-E) in St. Louis, Missouri for the NASA Ames Research Center 
(NASA-Ames) under Contract NAS2-7897 (Rev 4), ”Gilica Heat Shield Sising. The 
period of performance was from 4 March 1975 thru 24 July 1975. 

This study was performed under the direction of H# K* Larson of NASA-Ames* 
Significant contributions to this study were made by H. J. Fivel and T. W. Parkinson. 
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3.0 INTRODUCTION AND SUMMARY 

Ih. hl,h t.«p«atur. tegaabU aarfaca Inaulatlan (HRSI) thanal protectloa 
ayata. (IPS) tor Spaea Shuttla raquiraa papa at HRSI jclnta to acco»o<Uta otrut- 
daflaetlon resulting from loads and thermal expansion. In addition, allow- 
ance ^t be made lor manufacturln, and aaaembly toleraneea. At room temperature, 
gap widths under current consideration range from 0.05 Inch to 0.10 Inch. In 
orbital operation, these gaps may shrink to near aero during cold soak and then 

Stow by as much a. UX during reentry. Candidate tile edge radii range from 0.03 
Inch to 0#10 inch* 

m auccessful application of HRSI material for Shuttle thermal protection Is 
elgnlflcantly effected by heating In the gaps beo,ean HRSI tile, during entry Into 
the earth-, atmoaphere. Cap width, gap dapth. tile sdge radlua. gep crop, aectlon 
geometry, gap orlwitatlon. watarproof coating thickness, emlttence of this coating, 
substructure, boundary layer state «>d aurface mismatch «:e all known to aff.ct 
cmvectlve haatlng within the gap md hast leakage to the protected substructure. 

The objective of this study was to determine the sensitivity of silica heat 
shield requirements to gap width, tile edge radlua m,d heat tramfer distributions 
within tile gap. using representative correlations contained In References 1 and 2. 
other information pertln«.t to the study was supplied by NASA Ames. For purpose, 
of sensitivity studies the nominal configuration was specified to be a 6" x 6" 
tile with a .10 Inch gap between tiles. Ills edge radius was specified to be 
.06 Inch... The two-dimensional thermal model prepared lor Reference 1 was 

and used to determine the effect of two-dimensional heat transfer distri- 
bution. at HRSI edges on Shuttle TPS requirements. For the Rockwell baaellne gap 
heating distribution th. HRSI thlcknas. requirement, may b. lncrea.^1 approxlmataly 
302 above th. thlckneoa required for a IPS with no gap, m regions of high n.-... 
on Che orblter lower surface. 

This report also describes the sensitivity of TPS -aqulrements to coating 
Lhlckness. emlsslvlty. substructure thickness and changes in gap heating for 
:ieveral locations on Shuttle. 

In order to better understand the effect of tile edge radius on TPS require- 
ments. an Inverse solution technique was applied to temperature data obtained in 
the Ames 20 MW turbulent duct. The derived heating values were then used to pre- 
dict TPS requirements. The results of this analysis, summarized in Section 6.0. 
show that increasing tile radius reduces TPS requirements. 
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2.0 THERMAL MODELS 

The Shuttle thermal protection eyetem (TPS) consists of 6 In x 6 In tiles of 
LI-900 silica High Temperature Reusable Surface Insulation (HRSI) . The tiles are 
bonded to a thin strain isolator pad (SIP) which is in turn bonded to the p y 
aluminum structure. The tile thickness on Shuttle varies with location; the th c - 
ness being designed to limit the primary stricture to 350*F. The aluminum struc- 
ture reaches maximum temperature after entry, during the period of heat soak. The 
nominal TPS configuration employs tiles with corner edge radii of 0.06 ® 

gap width of 0.10 in. between tiles. The LI-900 HRSI has a density of 9 PCF and 

is covered with a silicon carbide waterproof coating. 

TPS thickness requirements were computed for Shuttle entry trajectory 
« four loctl... » Body Point 1, Body Point B. Body Point 3 ^ the 

Body Flep. Body Point 1 cortoepond. to body etntlon 1040 which 1. 

th. no.. «.d reach.. . redletlon e,ulUhrlun t-peretur. of 3333-P. Body Point 2 

r.pr..ent. condition, et th. fueel... tddpolnt (body .tetlon 1070) which reecho. 

. r.dUtlon tewpereture of IBIST. Body Point 3 1. typlcel for Ut f«.l.^ 

(body .tetlon 1157) end reeche. . r<uUetlon equlllhriun tenperetur. of IIBO P. 

The Body Flep (body .tetlon 212) reeche. . 2675-P redletlon eqolllbrlun tenperetur.. 
Tr««l«.t tenperetur. enelyee., tor the conplete trejectory were perfomed uelog 
the two dlmenelonal thetmel nodel e. ehown on Figure 1. Conpoeetlooe wet p 
formed for each eet of condition, until the alunlnun etructur. reached It. nerinun 
tenperature. The model u... hallmark dlmenelon. each a. V(2) to define ey 
.lone from which the remaining node dlmenelon. are computed. The baaelln. con g- 

uration is shown in Figure 1. 

To determine the temperature reepon.e re.ultlng from . complete abeence of gape, 
a one dlmenelonal model was conatructed. Thla model la ehown on Figure 

Coneldetatlon we. given to the need for ae.eeelng three dlmenelonal heat 
tranefet effecta. Slice the available reeourcea precluded analyela ualng a eta 
three dlmenelonal finite dltfer.no. computer model, th. two dlmenelonal model wa. 
converted to a pe.udo three dlmenelonal model ae ehown on Figure 3. Thle 
eeeumee that the heating condition, over the top of the til. wa. uniform «.d he. Ing 
in the .gep,uae _two dl^nalonal and leometrlc. The heat atorag. term, were modified 

as indicated in the Figure. 

The influence of thermal models on TPS requirements is shown on Figure . 
thickness requirements for a two dimensional model which includes gap heating are 
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15% greater than the one dimensional requirements whereas the three dimensional 
model requirements are 30% greater. The heating environment, SIP and structure at 
body station 1040 was used for this analysis. The effect of thermal model differ- 
ences on the body flap (B.P. 212) TPS thickness requirements, Figure 5, Is lower 
than for body station 1040. The thickness increments are 4.3% and 8.2% for the 
two dimensional and three dimensional models respectively. Figure 6 shows the 
variation of maximum structural temperature with HRSI thickness for the one, two 
and three dimensional models at body station 1040. In spite of the significant 
difference between the two dimensional and three dimensional predictions of HRSI 
thickness requirements, differences In surface temperature between the two models 
are shown In Figure 7 to be generally less than 10°F. Figure 8 shows the rapid 
decrease of confuted TPS thickness requirements with Increasing width of the two 
dimensional model. Also shown is the thickness requirement for a 6 In. x 6 In. 
tile computed using the Pseudo three dimensional model. The figure Indicates that 
three dimensional effects are important and that the TPS thickness Is a strong 
function of the ratio of gap length to tile surface area. It Is also evident that 
the required tile thi. ' nese (hence TPS weight) could be reduced by Increasing tile 
size. 

The majority of the analysis contained in the report employ the two-dimensional 
model as a consistent basis to show sensitivities. 
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^ current shuttle bneellne reference heating rate history 1. shoun on Figure 
9 for Shuttle entr» trajectory 14414 (Reference 2). Heating rates lor each of the body 
points analysed In this study uere computed by multiplying the reference heating rate 
history by a constant ratio of locol-to-referance heating rate <5,,/9^p)- »e 
local heating cate »es Imposed on the top of the tile with the gap heating distri- 
bution applied to the gap walls. The local pressure, Figure 10, on the Sh-tt e 
lower surface was used to obtain the proper thermal conductivity of U-900 whlc 
is a function of both pressure and temperature. 
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4.0 INFLUENCE OP HEATING DISTRIBUTION IN THE GAP 

Extensive arc and wind tunnel tests of Instrumented panels of tiles have been 
performed In order to quantltlze the heating distribution on the faces of the tiles. 
Various correlations have been developed to describe the distributions In the gap. 
Three general correlations were already developed at the start of this study and a 
fourth was developed by this study (see Section 6.0). The characteristics of the 
first three correlations and the resulting Impact on TPS requirements and thermal 
responses are contained In the following subsections. 

4.1 Heating Distrib utions In the Gap - Comparisons were performed using the 
"R.I. Baseline Heating Distribution", the "Gap Heating Correlation. Equation 4-1?" 
and the "Marssdorf Curves". 

4*1«1 R. I. B aseline HeatloR Correlation - At the outset. TPS requirements 
were computed using only the Rockwell International baseline (R.I. B/L) heating 
in transverse gaps as shown on page 16 of Reference 2 and shown here 
as Figure 11. This curve was originally developed for a gap width of 0.10 inch 
and a tile edge radius of 0.06 Inch. However, to determine the effect of varying 
gap width and edge radius, this distribution was used for several combinations of 
width and radii. When using this curve the results show a slight increase in 
requirements with Increasing gap width, and a decrease in TPS requirements with 
increasing edge radius. 

4*i»2 Gap Heating Correlation, Equation 4-17 - A gap heating correlation 
(Eq. 4-17) for a transverse gap, was developed from data measured on thin skin 
tiles with various edge radii and gap width settings. The model was tested in a 
wedge in the JSC 10 MW Arc Tunnel. The data analysis and correlation are reported 
in Reference 1. Figure 12 summarizes the heating data obtained in transverse gaps 
with superimposed plots of the resulting correlation equations. The correlating 
equation is presented in Figure 13 together with the regression correlation 
coefficient, standard error of estimate, minimum and maximum heating for both the 
measured data and the derived function# 

As can be seen from Figure 12, the heating data do not extend deep into the 
gap. Figure 14 shows the method of extrapolating the correlation curve toward the 
bondline. In the gap near the upper surface a second order curve was fit tangent 
to Equation 4-17 and passing through £n(q/qj.p) - 1.0 at the tangency point of the 
edge radius and tile flat surface (S>0.0). (The extensions of Equation 4-17 used 
in the vicinity of the tile corner are show.i in Figure 12.) The technique of 
extending the correlation curves is described in Section 6.0 of Reference 1. 
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4.1.3 RCfact of Gao Heat Load - Figure 15 contains transverse gap heating 
distributions for a tile with an edge radius of 0.06 Inches and a gap width of 
0.10 inch between tiles baaed upon several computational methods. Method 1 is 
the R.I. baeellne heating dlatrlDutlon. This distribution requires 3.32 inches 
of HRSI in order to limit structure temperatures to 350“F. Computer runs were 
made using 3.32 Inches of HRSI in order to determine how the other methods would 
affect the maximum structural temperature. The temperatures ranged from 35A*F to 
427*F. Also the TPS thicknesses required for each heating distribution to satisfy 
the 350“F limit were computed. Figure 16 shows. the effect of integrated gap heat 
load on HRSI requirements for a 6.0 x 6.0 inch tile. Method 3A requires approxi- 
mately 31% more HRSI than Method 1. Comparison of HRSI requirements from Methods 
3 and 3A. Figure 16, show that the lack of accurate definition of heating at 
q/q <0.1, which occurs deep within tne gap, can significantly affect the TPS 
thi^Lls. Sensitivity to heat load on the body flap is also shown on Figure 17. 
Method 3 requirements for the flap are approximately 16% greater than Method 1. 

4.1.4 Marssdorf Gap Heating Curves - Heating distribution curves for a trans- 
verse gap developed by J. Marssdorf of Rockwell International were furnished by 
F. J. Centolanzi of NASA-Ames. These curves were derived from teats using thin 
akin tiles having a 0.10 inch gap and 3 different .edge radii. The heating curves 
were derived accounting for thermal conduction effects. The tests were conducted 

in the JSC 10 MW Arc Tunnel. 

The curves of Marssdorf are plotted in Figure 18 as a function of "Z" (dis- 
tance into the gap measured from the tile top surface). This figure shows 
significant affect of tile edge radius on gap heating cistribution. Analyses 
employing the Marssdorf curves are contained in subsequent sections. 

4.2 romnarison of Heating Distri butions and Gap Temperature - Figure 19 
shows additional heating distributions for a .10 inch transverse gap with tiles 
having an edge radius of 0.06 inches. The curve labeled Equation 4-17 here and 
on Figures 20 and 21 was used for obtaining the effects of edge radius and gap 
widths on TPS sizing. The Marssdorf curves and the revised R.I. Baseline (data 
from Ames Aero Heating Test No. 158) heating distribution prepared by Marssdorf 
are shown for comparison. A table of Figure 19 shows the percent change compared 
to the R.I. Baseline. Figures 20 and 21 show the comparison of MDAC Equation 4-17 
and Marssdorf curves for tile edge radius of .12 and .25 inch respectively. The 
two heating distributions for a tile having a large (0.25 inch) radius are very 

similar. 
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The heating distributions for viirious edge radii computed using the MDAC 
Equation 4-17 are compared in Figure 22. A similar comparison Is made in Figure 
18 using the curve fits obtained by Marssdorf. The level of heating Increases when 
increasing the edge radius on both figures. Figure 18 shows a greater spread for 
edge radius range than does Figure 22* Even though the heating increases with in- 
creasing edge radius, the temperatures within the gap decrease with Increasing edge 
radius for Equation 4-17 as is shown in Figure 23. With large edge radius more sur- 
face is available for radiation to space (T • O^R), thus increasing the heat rejected. 
However, as shown in Figure 24, the Marssdorf distribution results in Increasing 
gap temperature with increasing edge radius. In this case there is a sufficiently 
large increase in gap heating with increasing edge radius that the convective heat- 
ing out weighs the radiation effect. Figure 25 shows the temperatures for the 
Rockwell International baseline heating curve and the Marssdorf revision to that 
heating curve. 

4.3 Tile Thermal Responses - Typical temperature-time history plots in Figures 
26, 27, and 28 show the response of the tile, the coating on the tile top and gap 
wall, and in-depth temperature near the center of the tile. Temperature-time plots 
are presented for 17 priority cases in Appendix B. Figure 29 Is a typical temper- 
ature isotherm plot at the time of peak heating showing that the in-depth temper- 
atures of the coating in the gap and temperatures in the HRSI adjacent to the gap 
coating are hotter than the in-depth temperature of the HRSI toward the center of 
the tile. This figure shows the extent of the effect of gap heating on temperature. 

The sensitivity of aluminum temperature to tile thickness is shown in Figure 
30 for a nominal gap width of 0.10-lnch and an inner edge radius of 0.06 inch. 

For reference purposes, a one dimensional thermal analysis at the same vehicle 
location, indicates a requirement of 2.88 inches of HRSI. Information from the 
previous figure is also presented in Figure 31 in terms of an increase over the 
one dimensional value* Using the heating distribution of Equation 4-17, approximately 
33% more HRSI is needed considering a nominal gap and a maximum altimlnum temperature 
of 350°F. By referring to Figure 31 and choosing other maximum aluminum temperatures 
the percentage change over a 1-D model is easily obtained. 
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5.0 INFLUENCE OF TPS CONFIGURATION VARIABLES 

I„ «ldUlon CO convootlvo heatlns, th. TP8 r.qolromonC. oto sovotood by hoot 
ttonofor ohoroctorUtlco oti tho HRSI, the SIP, the Clio eootlns ood the ptlnoty 
etruoturo. Oop »ldth and Clio edso rodloo oUo ontor into dotermlnlns TPS toquiro- 
■KOCO. ^:ho aenoltlvlty of IPS tequltodonCo to conllgurotlon vorloblos ore ano yoo. 

In tho follo\#lng subsections. 

5,1 .Ml. costlne and Primary Struct ure Effects - Thu effect of HRSI .oatinp, 
emlsslvity and aluminum structure thickness can be seen on Figure 32. The one 
dimensional thermal-model has coating on the HRSI surface only, while the two 
dimensional model has the coating on the gap walls as well as 
the emisslvitles and thicknesses used for this figure, the ratif of 2-D to 1 D 
model TPS requirements change only slightly. Changing the aluminum structure 
thickness from 0.08 Inches to 0.12 inches reduces the 2-D TPS requirement by 

..j •>roxlmately 17 percent. 

The HRSI coating thickness also affects TPS requirements. Figure 33 shows 
tuat changing the coating thickness from 0.005 inch to 0.025 inch Increases the 
2-D requirements by three percent. This increase is minor compared to the gap 
width and edge radius effects. The coating has an order of magnitude higher con- 


ductlviuy than the HRSI* 

5.2 Gao Width Effect s- The effect of gap width on aluminum structure temperature, 
using the heating dlstr-^hution curve of Figure 11 is shown on Figure 34. a more 
realistic effect of gap width is shown on Figure 35 which was derived by using 
MDAC correlation Equation 4-17 (Reference 1). This figure shows the effect on TPS 
requirements for various gap widths and edge radii. Figure 35.showa that increasing 
the gap width from 0.10 inch to 0.20 inch results in a tile thickness increase of 
seven percent for a tile with an edge radius of 0.06 inches. Figure 36 shows the 
same Information normalized to the 1-D thermal model requirements. 

5 3 Tile Edae Radius Effects- The tile edge radius also has an effect on TPS 
requirements as shown on Figure 37. First, analysis were performed assuming that 
the heating distribution with respect to (Z) did not change and only varies with the 
geometry of the tile edge. The heating curve in Figure 11 was used. The TPS 
requirements drop for increased edge radii for all three body points (See Figure 
37) Analysis were also performed using the MDAC correlation Equation 4-17 which 
accounts for edge radius (See Figure 38). Increasing the tile inner edge radius 
from 0.06 inch to 0.12 inches reduces the required HRSI thickness by about 0.2 
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inches (or five perconU) for a gap width of 0,10 Inch. Figure 39 shown thin some 
information normalised to the 1-D thermal model roqulrementn. 

Three other gop haating dlstrlbutlonn worn investigated to determine edge 
radius effects on TPS requirements . They are shown on Figure 40, Using the 
Marssdorf heating distribution curves Indicates the TPS requirements Increase with 
increasing the edge zudius. Heating distributions were also obtained for URSl tiles 
(0.00 and 0.2S inch edge radius) tested in the Ames 20 MW Turbulent Duct, l ..ng th 
dacu from the Ames 20 MW Turbulent Duct Facility for tiles with a 0,06 inch "^nd 0, ■'i 
inch edge radius and having a O.’.O inch gap width, the 2-D roqulrementr ^nc '’<*6 
by approximately 25 percent and 9 percent respectively over the ] " mal ... 
requirements but are less than that required using the oV . ...uxons. These 

results show the same trend as Equation 4-17 heating dir tv ,b«.t i on when varying 
edge radius. 
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6.0 ANALYSIS OF 0,157 CM RADIUS HRSI TILES TESTED IN THE AMES 

20 MW TURBULENT DUCT 

During Che course of this contract, thermal response data for a series of 
Arc Tunnel tests of 0.157 cm radius silica HRSI tiles tested In the Ames 20 MW 
Turbulent Duct were received. The test panel consisted of an upstream tile and a 
downstream tile positioned to form a transverse gap tested In the wall of a duct 
through which turbulent air flowed from an Ames 20 MW Arc Heater. A series of six 
tests were performed which were a conq>anlon test program to that performed on a 
set of 0.635 cm radlused tiles reported In Reference 1. 

The 0.157 cm radius tiles were Instrumented with thermocouples on the Cop of the 
tile, down both faces of the transverse gap and also In-depCh. Tests were conducted with 
each tile being In the upstream position so as to get comparative data to ascertain 
the effect of tile Instrumentation on derived gap heating. Heating rates were 
calculated by the "Inverse Solution Technique" (described In Reference 3), This 
technique utilizes a detailed thermal model of the tile test panel and the measured 
temperature histories In a transient analysis to determine heating rates. 

Derived Gap Heating Distribution for 0.157 cm Tile Tests - Heating distributions 
were calculated for the downstream wall of the transverse gap for three gap widths 
(0.127, 0.254 and 0.381- cm) with thermocouple (T/C 1) being In Che upstream and In 
Che downstream position. The calculated heating distributions are contained In 
Figure 41, The spread In heating value attributed to Instrumentation and test 
conditions Is reasonable as evident upon examination of this figure. Data fairing 
was used to obtain an experimentally derived heating distribution for each gap 
width and the effect of gap width Is evident In Figure 42, The convective heating 
drops off with distance Into the gap and the heating Intensity Increases with 
the gap width. The shape of Che heating distribution should be noted, because of 
a slight plateau near the top of the gap. Uncertainties In coating thick- 
ness, surface emittance and coating conduction effects become significant below a 
depth of 0.7 cm where the convective heating becomes negligible. The heating ratio 
measured near the top of the gap(for a gap of 0.254 cm)is comparable to what wa^. obtained 
In the LaRC CFHT facility. The results for the narrower gap (0.127 cm) are com- 
parable for 0.178 cm gap tested In the LaRC 8 Foot HTST. These other facilities 
also produced turbulent flow and the referenced heating distribution are contained 
in Figure 161 of Reference 1. 

The heating distributions obtained for the 0.157 cm and 0.635 cm radlused HRSI 
tiles are compared In Figure 43. As can be noted from the figure. Increasing the 
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edge radius significantly reduces the convective heating within a transverse gap 
Also the required tile thickness is also significantly reduced by increasing the 
edge radius (See Section 5.3, Figure 40). 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 

In this study the sensitivity of the Shuttle HRSI thickness to various design 
paraneters has been investigated. The design parameters which were investigated 
Include tile edge radius » gap width, gap convective heating profiles, aluminum 
substructure thickness, and tile coating thickness. Figure 44 summarizes these 
results which are predicated on limiting structural temperature to 350*F. 

Heating distributions were derived for the 0.157 cm radiused HRSI tiles tested 
in the Ames 20 MW Turbulent Duct Facility. 

Following are some of the major conclusions derived from this study s 

1. Based on HRSI Turbulent Duct Tests, increasing tile edge decreases con- 
vective heating in a transverse gap. This finding is in contrast to 
results obtained from thin skin model tests conducted under laminar flow 
conditions where convective heating increased slightly with edge radius. 

2. Increasing tile edge radius appears to reduce HRSI thickness requirements. 

This conclusion is sensitive to the manner in which existing experimental 
heat transfer data are Interpreted, and using other investigator's heating 
distribution results in contradictory conclusions. 

3. A significant decrease in TPS thickness (as well as a reduction in tile 
Inventory) would result from increasing HRSI tile size. 

4. Increasing gap width from .10 to .20 inch increases the HRSI thickness 

requirement by 7%, principally as the result of increased gap convective 
heating. 

5. The HRSI thickness requirements decrease as the aluminum structure thickness 
(or heat capacity) Increase. For example, a change in aluminum thickness 
of 50%, from 0.08 inch to 0.12 inch, results in a 17% reduction in required 
HRSI* However, such a change actually results in a 4% combined weight increase. 

6. Coating thickness has a minor effect on HRSI thickness required compared 
with the effect of other parameters. A 3% increase in HRSI thickness 
requirement results from increasing coating thickness from 0.005 inch to 
0.025 inch. The Increased HRSI thickness occurs because the coating 
thermal conductivity is an order of magnitude higher than that of the HRSI. 

7. The precision (or lack of precision) to which the convective heating 
distribution down the face of a gap is known, directly Influences the 
required amount of HRSI. Even the low convective heating (0.01 ^ ‘*'^**Ref 
< 0.1) which occur deep within the gap result in direct heating of the 
lower portions of the gap and hence .increase TPS requirements. 
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8. TeTOetMiiM !■> th« “ “>* bondllne n.ar th. til. edge 

b. .ppro:ai,a«ly 30T th.n th. HR8I/8TV bondlln. .t th. 

e«.t.r of th. tiu. Ihl. Iocmm. In twf.r.tur. 1. . ooi.bln.tlon of t . 
conductivity In th. co.tlng .nd conv.ctlv. h..tlng In th. gap. 

9. T.np.l.tur.. on th. 0.060 Inch t»ilu. pottlon^of th. til. nay .xcd 
smooth surface temperatures by as much as 129*F. 

10. Th. HKSI thlckn... for . 350*P bondlln. <u.lng th. R.I. bMolln. h..tlng 
dUtrlbutlon for . 0.06 In. t»)lu« til. with a 0.10 In. gap) • P* 
n:..t.t for a two-dln.n.lon.1 nod.l »id 30 parent gr..t.r for a p..udo 
thr..-dl»an.lon.l nodal ov.r th. ona-dl.e.lon.1 nod.l r.,ulr.enta. 

Th. following .ddltlon.1 effort 1. roconnedod to nuxlnlt. confldone In 

the TPS design: 

1. A .Ignlflcet portion of th. ghuttl. IPS enploy. tile, orletated .t 
45“ . Conee,uently Arc Tunnel T«t (both Inulnar ed turbulent) of 
rnllueed HRSI tllee ehould be conducted at aevetal gap orlwitatlona 
detetnine hetlng pattern, that <an be expected during flight a^ to 
ctudy optlnun tile configuration. The., tile, ahould b. .xten.lv. y 
inatrunented In ch. upper region, of th. gap a.«i »n th. r»ilu..d region. 

2. An.ly.le of th. additional teat, to obtain convective heating rat. 
dlatrlbutlona. These convectlv. heating rat. distribution, ahould be 
conoared with prior work to evaluate th. consistency of the test results. 
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TWO-DIMENSIONAL THERMAL MODEL 
F AN HRSI TILE JOINT WITH EDGE RADIUS 


94--T 


ALUMINUM 

2 RTV LAYERS 

STRUCTURE 

* SIP 1 


COATING V(9) 

BASELINE CONFIGURATION: 

1. HEATING DISTRIBUTION IN GAP (R.I. BASELINE) 

2. MODEL WIDTH » 3.0 INCH 

3. INNER EDGE RADIUS (Ei) « 0.06 INCH 

4. GAP WIDTH (W) = 0.10 INCH 

5. COATING EMISSIVITY (c) - 0.80 

6. COATING THICKNESS (6cj - 0.015 INCH 

7. ALUMINUM STRUCTURE (t) = 0.080 INCH 

8. SIP PLUS RTV ADHESIVE -0.175 




FIGURE 1 
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FIGURE 2 
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PSEUDO 3-D THERMAL MODEL OF BUTT JOINT 



0 101 THERMAL NODES 
0 CONVECTIVE HEATING TO SURFACE NODES 
0 RADIOSITY NETWORK, RADIATION FROM 
SURFACE NODES 
0 HEAT STORAGE AT NODES 
0 CONDUCTION LINKS BETWEEN NODES 


0 

0 

0 

0 

0 

0 


SURFACE NODES (43.22,1 TO 19) 

CENTRAL STACK (NODES 43 TO 63) 

INTERNAL NODES AT EDGE (NODES 90 TO 101) 
NODES 22 TO 40, INTERNAL NODES 
SIP NODES 88,101,19.20,40,41,61.62 
STRUCTURE NODES 101.89,20,21,41,42.62,63 


.87 (RADIATION SINK) 
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INFLUENCE OF THERMAL MODEL ON TPS REQUIREMENTS 

• I??! bSseume gap heating distribution 
.1. • trajectory 14414 
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INFLUENCE 
ON TPS 


OF THERMAL MODEL 
REQUIREMENTS 


• FLAP (BODY POINT 212) 

t R.I. BASELINE GiAP HEATING DISTRIBUTION 

• TRAJECTORY 14414 



THERMAL MODEL 
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THERMAL MODEL INFLUENCE ON 
TEMPERATURE AMD TPS REQUIREMENT 
SHUTTLE BODY POINT 1 


TRAJECTORY 
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FIGURE 6 
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SENSITIVITY OF TPS REQUIREMENTS 
TO TILE THERMAL MODEL WIDTH 

• BODY POINT 1 

• TRAJECTORY 14414 

• R. I. BASELINE HEATING DISTRIBUTION 


• GAP WIDTH = 0.10“ 

• INNER EDGE RADIUS » 0.06" 

• MAXIMUM ALUMINUM TEMPERATURE = 350°F 

• BASELINE TILE HALF WIDTH = 3.0" FOR 6" X 6" TILE 


COATING THICKNESS 



TILE HALF WIDTH - INCHES 
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FIGURE 8 
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TRAi^SVERSE GAP HEATING DISTRIBUTION 
ROCKWELL INTERNATIONAL BASELINE 
0,06 INCH EDGE RADIUS-0,10 INCH GAP WIDTH 


REF: AERO KEATING TEST NO. 158 
AMES 3.5 FOOT WIND TUNNEL. 
CONDUCTION CORRECTED DATA 
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TRANSVERSE GAP HEATING DISTRIBUTION 



SOURCE 


MCKUEU. 

s< 0 , 4/qpp ■ 1 

5-65“ 

c. scon, JSC 

S<.66. q/q • .96S-0.035eOft 
S>.56, q/q TABLE 

H0AC.E, CORREUTION 
OF C. SCOTT SATA 
(CQ. 4-12) 

$<0. q/qpp ■ 1 

0<S«0.22, LINEAR RETOEEH q/q*1 ANO 

0?22<S«0.92, EQ. 4-12 
0 . 92 <S<BOnOM OF OAF WHERE q/q SET 
EQUAL TO 10'S 


0.92<S<B0n0H OF GAP WHERE An q/q HAS 
SAME SLOPE AS EQ. 4-12 

— T r-^ — ! — T"' ' 1 ... 



!W' 



TILE THICKNESS = 8.433cm(3.32 IN) 

GAP WIDTH = 0-254cm(0.10IN) 

EDGE RADIUS = 0*'*52cm(.060IN) 
ALUMINUM THICKNESS = 0.203cm(0.080IN) 
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FIGURE 15 
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CHANGE IN INTEGRATED GAP HEATING LOAD 
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EFFECT OF GAP »‘EAT LOAD ON 
B"DY FLAP TPS REQUIREMENT 

• FLAP (BODY POINT 212) 

• TRAJECTORY 14414 

• GAP WIDTH = 0.10 IN. 

• INNER EDGE RADIUS « 0.06*' 

• MAXIMUM ALUMINUM TEMPERATURE « 350°F 


6.0"X 6.0*' TILES 
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TRANSVERSE GAP HEATING 

DISTRIBUTION 

USED FOR TPS SIZING 

V- 

• J. MARSSOORF/R.I. CURVE FIT 

t C. SCOTT TEST DATA. JSC 10 MW TUNNEL 

• GAP WIDTH » 0.10 IN. 
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GAP HEATING DISTRIBUTION COMPARISON 


• 0.10 IN. TRANSVERSE GAP 

• 0.06 IN. EDGE RADIUS 






MDAC CORRELATION/EQ. 4-17 
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GAP HEATING DISTRIBUTION COMPARISON 


• C. SCOTT TEST DATA. JSC 10 TUNNEL 

• 0.10 IN. TRANSVERSE GAP 

• 0.25 IN. EDGE RADIUS 
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transverse gap heating distribution 

USED FOR TPS SIZING 

• MDAC CORRELATION EQUATION 4-17 


• C. SCOTT TEST DATA, *)SC 10 MW TUNNEL 

• GAP WIDTH » 0.10 IN. 
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teuperature distribution down 


• MDAC CORRELATION. EQ. 4-17 

POINT 1. TRAJECTORY 14414 

• GAP WIDTH » 0.10 INCH 
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TEMPERATURE DISTRIBUTION DOWN GAP 


• J. MARSSOORF/R.I. CURVE FIT 

• BODY POINT 1, TRAJECTORY 14414 
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TEMPERATURE DISTRIBUTION DOWN GAP 


• BODY POINT 1, TRAJECTORY 14414 

• GAP WIDTH » 0.10 INCH 

• MAXIMUM ALUMINUM TEMPERATURE • 350*F 
f TIME » 500 SECONDS (MAXIMUM HEATING) 


R.I. BASELINE 
7/22 CURVE 


MARSSOORF 8/14 CURVE 
(REVISION OF 7/22 CURVE) 
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FIGURE 25 
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SURFACE EDGE RADIUS AND 
aluminum structure temperatures 


t 


body point 1 
trajectory 14414 
GAP WIDTH = 0.10 IN 

v.iMr*n DAnTII^ s 


0.06 IN 
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FIGURE 26 
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RSI IN-DEPTH TEMPERATURES 
NEAR CENTER OF TILE 

• BODY POINT 1 

§ TRAJECTORY 14414 

• GAP WIDTH » 0.10 IN 

• INNER EDGE RADIUS » 0.06 IN 
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TEMPERATURE ISOTHERMS THROUGH HRSl TILE 

• MAXIMUM HEATING (f 500 SEC) 

• BODY POINT 1 ^ * R I BASELINE 

• O.IO" GAP HEATING DISTRIBUTION 

t TRAJECTORY 14414 > PRIORITY CASE 7 

t 3.32 IN. HRSI 

• 0.06 IN. EDGE RADIUS ) 

2464 2331 • o-D MODEL 2335®F ^COATING 
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ALUMINUM STRUCTURE MAXIMUM TEMPERATURE 
VS.HRSI TILE THICKNESS 
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• MDAC EQ. 4-17 

• 2-D MODEL 

• BODY POINT 1 

il • TRAJECTORY 14414 
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EFFECT OF COATING EMISSIVITY AND 
ALUMINUM STRUCTURE THICKNESS ON 
TI!E RATIO OF 2-D TO 1-D MODEL 
TPS REQUIREMENTS 


• BODY POINT 1 

• TRAJECTORY 14414 

• R.I. BASELINE HEATING DISTRIft 

• GAP WIDTH - 0.10" 


2-D MODEL 


• INNER EDGE RADIUS -0.06" j 

• MAXIMUM ALUMINUM TEMPERATURE • 350°F 


COATING THICKNESS 



COATING 

EMISSIVITY 

t 

ALUMINUM 

STRUCTURE 

X-HRSI 

1-D 

MODEL 

X-HRSI 

2-D 

MODEL 

^2-d/^I-D 
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2.88 
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EFFECT OF COATING THICKNESS 
ON TPS REQUIREMENTS 

• BODY POINT 1 

• TRAJECTORY 14414 ^ 

• R.I. BASELINE HEATING DISTRIBUTION 

• GAP WIDTH > 0.10 IN. 

• INNER EDGE RADIUS > 0.06'* . 

• MAXIMUM ALUMINUM TEMPERATURE - SSO'^F 

2-D MODEL 



NOTE; "Xi.D VALUE HAS ONLY SURFACE 

COATING THICKNESS OF 0.015 INCH 

X2-D HAS COATING. ON SURFACE AND GAP WALLS 
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• BODY POINT 1 

• TRAJECTORY 14414 

• GAP HEATING OISTRIBUTION 
SAME FOR ALL GAP WIDTHS 

• 3.32 IN. HRSI 

• 0.06 IN. EDGE RADIUS 
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WIDTH EFFECT ON TPS REQUIREMENTS 



• 2-D MODEL 

R BODY POINT 1 

• TRAJECTORY 14414 oentp 

•• MAXIMUM aluminum TEMPERATURE^" F 

• MoAr Fn A-17 HEATING DISTRIBUTION 




MC00NMmi.L oauaM • mA^r 



FIGURE 35 


Z-Vn-D 


SILICA HEAT SHIELD SIZING 


, /'I — .... I R EPOR T MDC E 1 343 

|_[ I FINAL REPORT | jui_)( J975 

GAP WIDTH EFFECT ON 
TPS REQUIREMENTS 

• BODY POINT 1 
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• MDAC CORRELATION, EQ. 4-17 
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FIGURE 36 
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INCREASING EDGE RADIUS REDUCES TPS REQUIREMENTS 
R. I. BASELINE HEATING DISTRIBUTION 


COATING THICKNESS 
(6. - .015 IN.) 
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0.0 


NEAR NOSE 

BODY MIDPOINT 
r AFT FUSELAGE 
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• MDAC EQ. 4-17 HEATING DISTRIBUTION 
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EDGE RADIUS EFFECT ON 
TPS REQUIRE KENTS 


• BODY POINT 1 . 

• TRAJECTORY 14414 

• MAXIMUM ALUMINUM TEMPERATURE 

• MDAC CORRELATION, EQ. 4-17 
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EDGE RADIUS EFFECT ON 
TPS REQUIREMENTS 

• BODY POINT 1 

• TRAJECTORY 14414 

• MAXIMUM ALUMINUM TEMPERATURE » 350°F 

• MDAC EQ. 4-17 HEATING DISTRIBUTION 


COATING THICKNESS 
" rifi- = 0.015 IN.) 


WIOTH-IN 


GAP WIDTH 


A DERIVED FROM TEST DATA 
OBTAINED FROM AMES 20 MW 
TURBULENT DUCT FACILITY, 
REF. SECTION 5.0 


-MDAC CORRELATION, EQ.4-17 
(C. SCOTT DATA - JSC 10 MW) 

-J. MARSSDORF/R.I. CURVE 
(C. SCOTT DATA - JSC 10 MW) 
O DERIVED FROM TEST DATA 
OBTAINED FROM AMES 20 MW 
rs^RBULENT DUCT FACILITY. 

MDC El 248 


GAP WIDTH 


E^ - INNER EDGE RADIUS - INCHES 
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HEATING DISTRIBUTIONS FOR 0.157 CM 
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EFFECT OF TRANSVERSE GAP HEATING 
ON TPS REQUIREMENTS 

(BODY POINT 1) 


EDGE RADIUS 
(IN) 

DAP WIDTH 
(IN) 

X-HRSI 

(IN) 


1-D MODEL ' 

NO GAP 

2.88 

- 

.06 

.05 

3.57 

1.25 

.12 

.05 

3.44 

1.19 

.25 

.05 

3.22 

1.12 

.06 

.10 

3.82 

1.33 

.12 

.10 

3.65 

1.27 

.25 

.10 

3.42 

1.19 

.06 

.20 

4.10 

1.42 

.12 

.20 

3.92 

1.36 

.25 

.20 

3.72 

1.30 


THE ABOVE RESULTS BASED ON EQUATION 4-17. 


ALUMINUM T COATING I 

(IN) (IN) 



HEAT LOAD 


3.0 

1.2 

1.82 

1.963 


X-HRSI 

1-D 

(IN) 


1) R.I. Baseline Heating 

2) 0.10 Inch gap 

3) 0.06 Inch Inner edge radius 


X2-D/ 

Xl-D 


X-HRSI 

2-D 

(IN) 


X3-D/ 
XI -0 



THICKNESS RATIO 
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APPENDIX A PRIORITY CASE LIST 

Seventy-two priority cases were run. A list describing the contents of each 
case, thickness of HRSI used, the associated temperatures and the required thick- 
nesses to restrict the aluminum temperature to a peak of 350°F has been prepared. 
The baseline configuration being considered for the TPS is listed after priority " 
Case 7. The majority of these cases consisted of two or. more computer runs to 
reach the required thickness, totaling approximately 145 computer runs. 

The HRSI thickness for some of the computer runs has been flagged with double 
asterisks. The thermal model used for these runs had some irregularities and was 
later revised to be more realistic. The thicknesses and temperatures. associated 
with these runs should not be used as absolute values alone, but can be used to 
show sensitivities, i.e. varying gap heating distribution (priority cases 2, 3, 

4, 5, and 5-1). 
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PRIORITY 

. - 

X-HRSI 

^MAX)AL 

op 

X-HRSI 

CASE # 

CONTENTS 

(INCHES) 

0 350°F 
(INCHES) 

1 

B.P. 3 (1157), one dimensional model, coat- 

1.50 

261 



Ing emissivlty » 0.8, aluminum t = 0.08 Inch 

1.00 

333 

0.91 


0.50 

483 


2 

B.P. 3, two dimensional model, baseline 

1.50** 

276 

) 


configuration* 

1.02** 

348 

VI. 01** 



1 .00** 

352 

a 



0.98 

350 

0.98 

3 

B.P. 3, baseline configuration except that 

1 .20** 

312 

0.99** 


smooth wall heating (qcAp/«lsuRFACE * 

Is assumed to vertical tangency point of 
radius and zero heating below tangency point 

1 .00** 

347 


4 

B.P. 3, baseline configuration except that 

1.00** 

345 



smooth wall heating Is assumed to vertical 

0.96** 

353 

'0.975** 


tangency point of radius and the gap is 

0.90** 

366 



closed to prevent radiation transfer In the 
gap . . 

1.00 

346 

0.98 

5 

B.P. 3, baseline configuration except the 

1.50** 

275 

1.0** 


coating terminated 0.5 Inch from bottom of 
the gap 

1.00** 

351 


5-1 

B.P. 3, baseline configuration except the 

1 .02** 

343 

0.985** 


coating Is removed to the vertical tangency 
point In the gap 




6 

B.P. 1 (1040), one dimensional model, coat- 

3.50 

297 



ing emissivlty ° 0.8, aluminum t - 0.08 Inch 

3.00 

338 

2.88 


2.50 

393 


7 

B.P. 1, two dimensional model, baseline 

4.5** 

293 



configuration 

3.6** 

350 

[3.6** 



3.5** 

358 




3.20 

360 

3.32 i 



3.32 

350 

1 


^Baseline configuration: 


**In1t1al thermal model 


1. Heating distribution In gap (R.I. Baseline) 

2. Model width = 3.0 IN. 

3. Inner edge radius (Ei) = 0.06 IN. 

4. Gap width (W) * 0.10 IN 

5. Coating emissivlty (c) » 0.80 

6. Coating thickness (6c) = 0.015 IN. 

7. Aluminum structure (t) = 0.08 IN. 

8. SIP + RTV adhesive = 0.175 IN. 
and assumptions. 
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PRIORITt 

X-HRSI 

%X)AL 

X-HRSI 

CASE # 

CONTENTS 

(INCHES) 

e 350Op 



r 


8 

B.P. 1, baseline configuration except that 

3.32 

343 

3.23 


smooth wall heating (q/q « 1.0) Is assumed tc 

3.24 

349 



vertical tangency point of radius and zero 
heating below tangency point 




9 

B.P. 1, baseline configuration except that 
smooth wall heating Is assumed to vertical 
tangency point of radius and the gap Is 
closed to prevent radiation transfer In the 

2.95 

3.04 

359 

350 

3.04 




gap 




10 

B.P. 1, baseline configuration except the 

3.32 

346 

3.27 


coating terminated 0.5 Inch from bottom of 
the gap 

3.27 

350 


n 

B.P. 1, baseline configuration except 

4.5** 

345 



model width = 1.5 Inches 

4.4** 

352 

4.43** 

i 

i 


3.6** 

411 


12 

B.P. 1» baseline configuration except model 
width = 4.0 Inches 

3.6** 

334 

3.49** 

13 

B.P. 3» baseline configuration except model 
width = 1.5 Inches 

1.02** 

368 

1.1** 

14 

B.P. 1, baseline configuration except Inner 

3.80 

327 

3.49 


edge radius = 0.001 Inch 

3.50 

349 

15 

B.P. 1, baseline configuration except Inner 

3.50 

343 

3.41 


edge radius = 0.03 Inch 

3.41 

350 

16 

B.P. 1, baseline configuration except Inner 

3.00 

372 

3.24 


edge radius = 0.09 Inch 

3.26 

349 

17 

B.P. 1, baseline configuration except Inner 

2.85 

381 

3.17 


edge radius » 0.12 Inch 

3.20 

349 

18 

B.P. 1, baseline configuration except no 
lateral conduction In SIP at gap 

3.60** 

349 


19 

B.P. 1, baseline configuration except no 
conduction through SIP at gap 

3.60** 

347 


20 

1 

B.P. 1, baseline configuration except coat- 
ing emissivity = 0.85, aluminum t » 0.10 

3.50** 

3.20** 

326 

347 

|3.16** 


Inch 


2.91 
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B.P. 1, baseline configuration except 
aluminum t ■ 0.12 Inch 


'MAX)AL 

Op 


3.&QWW 315 

3.00** 350 


3.00** 


B.P. 1» one dimensional model* coating 
emissivlty ■ 0.85* aluminum t * 0.10 Inch 


B.P. 1* one dimensional model* coatlno 
emissivlty ■ 0.85* aluminum t « 0.08 inch 

B.P. 1* one dimensional model coating 
emissivlty • 0.80* aluminum t ■...0L.12.1nch. 


B.P. 3* baseline configuration except Inner 
edge radius ■ 0.001 Inch 

B.P. 2 (1077)* baseline configuration except 
Inner edge radius ■ 0.001 Inch 

B.P. 2* one dimensional model* coating 
emissivlty » 0.80* aluminum t ■ 0.08 Inch 




B.P. 2* baseline configuration 

B.P. 2* baseline configuration except Inner 
edge radius ■ 0.12 Inch 

B.P. 3* baseline configuration 


B.P. 3* baseline configuration except Inner 
edge radius = 0.12 Inch 

B.P. 1* throe dimensional model, baseline 
configuration 

B.P. 1* baseline configuration except gap 
width 0.05 Inch 
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B.P. 1» baseline configuration except gap 
width B 0.15 Inch 

B.P. 1« baseline configuration except gap 
width B 0.20 Inch 

B.P.l, Baseline configuration using method 2 
hea 


B.P.l, Baseline configuration using method 3 
heating distirubtlon (MDAC correlation of 
Scott Data, EQ. 4-12) 

B.P.l, Baseline configuration using method 3/\ 
distribution (MDAC Correlation Scott data, 

EQ. 4-12) 

B.P.l, Baseline configuration using method 
3AA heating distribution (MDAC correlation 
of Scott data, EQ. 4-12) 

B.P.l, Baseline configuration using method 1 
heating distribution (R.I. baseline, Scott 
data), gap width = 0.20" 

B.P.l, Baseline configuration using method 3 
(EQ. 4-17) heating distribution (M-3, EQ.4-17 
is MDAC correlation using 0.062" as edge 
radius for sharp corner data), gap width = 
0.10", inner edge radius = 0.06" 

B.P.l, Baseline configuration using method 3 
EQ. 4-17 heating distribution, gap width ■ 
0.20", Inner edge radius * 0.06" 

B.P.l, Baseline configuration using Method 3 
EQ. 4-17 heating distribution, gap width » 
0.20", Inner edge radius = 0.25" 

B.P.l, Baseline configuration using method 3 
EQ. 4-17 heating distribution, gap width “ 
0.20", Inner edge radius * 0.12^" 

B.P.l, Baseline configuration using method 3 
EQ. 4-17 neating distribution, gap width = 
0.10", Inner edge radius * 0.12" 



392.6 

348.8 


426.8 


694.0 


389.9 

361.1 
349.4 

348.9 

350.2 


365.1 

349.7 


339.8 

350.9 


353.0 

350.3 


336.5 

353.9 

350.0 
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PRIORITY 
CASE # 

CONTENTS 

44 

B.P.l, Baseline configuration using method 3 
EQ. 4-17 heating distribution,. gap width ■ 
0.10", inner edge radius * O.ES'’ 

45 

FLAP (B. P.212), one dimensional model, coat- 
ing emissivlty « 0.8, aluminum t-0.08". 

46 

FLAP, Baseline configuration using method 3 
EQ. 4-17 heating distribution. 

47 

FLAP, Baseline configuration using method s 
nesting distribution. 

48 

FLAP, Baseline configuration using method 1 
heating distribution. 

49 

B.P. 1, Baseline configuration using method 
1 neating distribution .(1^.1 . baseline, 

Scott data), coatirig thickness = 0.005". 

50 

B.P. 1, Baseline configuration using method 
1 heating distribution, coating thickness = 
0.025". 

51 

B.P. 1, Baseline configuration using method 
1 heating distribution, coating thickness = 
0.010". 



Flap, one dimensional model. Initial T=90°F, 
coating emissivlty = 0.85, aluminum 
t = 0.081''. 

B.P.l, 3-b Model, baseline configuration 
using method 3 Eq. 4-17 heatlng-dlss. 
trlbutlon. 


"•^MAX^AL 

(°F) 



327.5 

347.0 


330.9 

377.1 

460.1 

358.5 

348.8 

325.4 

348.4 

319.4 

347.9 

350.4 

344.6 

351.2 


351.3 

349.8 


346.6 

349.0 


307.3 

325.6 

352.1 

418.1 


2.57 


Flap, 2-D model, only external surface 
heating, gap and radius heating =0.0, Gap 
width = 0.10", inner edge radius = 0.001", 
aluminum = 0.081", coating emissivlty 
= 0.85, initial temperature = 90°F 

Flap, 3-D model, other data In P.C. #54 


364.1 

350.9 


374.2 

350.0 
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PRIORITY 
CASE # 


CONTENTS 


B.P.l, Baseline configuration using method 
1 heating distribution (R.I. test of HRSI 
tiles, task 28, Ref. MDAC TTN NO. E242-76) 
In-line gap. 


57 


58 


B.P.2, Baseline configuration using method 
1 task 28 heating distribution. In-line 
gap 


B.P.l, Baseline configuration using method 

neating distribution, gap width 
-0.05 , Inner edge radius = 0.06". 


B.P.l , Baseline configuv'atlon using method 
3 Eq. 4-17 neating distribution, gap width 
= 0.05", Inner edge radius = 0.12" 

B.P.l, Baseline configuration using method 
3 Eq. 4-17 neating distribution, gap 
-Width - 0r05", Inner edge radius = 0.25" 

B.P.l, Baseline configuration using gap 
heating distribution by J. Marssdorf of — 
R.I. (C. Scott Data-Trans. Gap) gap width 
= 0.10", Inner edge radius = 0.06" 

B.P.l, Baseline configuration using gap 
neating distribution by 0. Marssdorf of R.I. 
(C. Scott data - Trans, gap) gap width » 
0.10", Inner edge radius = 0.125" 

B.P.l, Baseline configuration using gap 



B.P.l, Baseline configuration using gap 
neating distribution by J. Marssdorf of R.I. 
(Curve labeled 8/14, a revision of R.I. 
Baseline) gap width = 0.10", Inner edge 
radius = 0.06" 


X-HRSI 

(INCHES) 

%x)al 

(OF) 

X-HRSI 
@ 350°F 
(INCHES) 

2.88 

3.32 

3.30 

389.9 
348.1 

349.9 

3.30 

1.90 

2.12 

376.8 

348.9 

2.11 

3.63 

346.6 

3.59 

3.57 

351.3 


3.46 

349.0 

3.44 

3.22 

351.0 

3.23 

3.32 

3.33 

35077 

349.9 

3.33 

3.33 

3.39 

355.1 

350.2 

3.39 

3.33 

3.67 

3.60 

372.8 

344.7 

350.2 

3.60 

3.3P 

3.1b 

338.2 

351.4 

3.18 
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PRIORITY 
CASt f 

CONTENTS 

t-HRSI 
: INCHES) 

%X^AL 

(OF) 

X-HRSI 

035O°F 

.(INCHES) 

65 

B.P.l, (Qe« 18700 BTU/FT^) one dimensional 
model using Initial temperature distribution, 
SIP properties 'and thickness of R.I., 
coating emissivlty “ 0.80, aluminum t » 0.10 

2.547 

353.3 


65A 

L.IIM! as 65, except coating emissivlty = 0.85 

2.547 

343.9 


65B 

Qe “ 19115 (approx. BP 2110, Qe “ 19117), 
one dimensional model using Initial tempera- 
ture distribution, SIP properties and | 

thickness of R.I., coating emissivlty » 0.85, 
aluminum t = 0.10'' 

2.547 

347.0 


67 

B.P.l, Baseline configuration using heating 

3.4t> 

321.7 

3.12 


distribution from Ames Turb Duct Tests. 
Ref. MDC El 248 pg. 226, Inner Edge Radius 
= 0.25" 

3.06 

3.12 

354.7 

349.3 

6& 

B.P.l, Baseline Configuration using Heating 

3.32 

370.3 

3.59 

distribution from Ames Turb Duct Tests, 
inner edge radius = 0.06" 

3.82 

3.70 

334.3 

342.3 
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APPENDIX B TEMPERATUSE-TIME PLOTS 
The priority cases for which data have bee*, plotted are: 7,8,9,10,14,17,30,38, 
39,40,41,42,43,44,46,47 and 48. For the con.ter/ts of the plotted cases refer to 
the preceeding Appendix. The temperature- time data for the unplotted cases are 

recorded in the form of computer tabulated output. This has been sent to Mr. 

U-. 'K. Larson of NASA Ames. 
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APPENDIX C THERMAL PROPERTIES 

Thermal properties were used In the analysis as provided by MASA-Aoes from 
Rockwell International Corporation' except that those for the RTV bond and strain 
Isolation pad. Composite thermal properties were used for the bond/SlP/bond layer. 
Interpolation with pressure In the property tables was logarithmic. 

The properties used In this analysis are listed In the tables below. 


HRSI COATING (SILICON CARBIDE) 

' ■ 

Density ■ 104 Ib/ft Emlttance ■ 0.80 


Temperature 

«F 

Conductivity 

BTU/ft-hr-“F 

Specific Heat 
BTU/LB-*F 

-250 

.425 

.15 

-150 

.450 

.17 

0 

.487 

.19 

250 

.550 

.215 

500 

.604 

.24 

750 

.654 

.26 

1000 

.704 

.285 

1250 

.750 

.30 

1500 

.796 

.315 

1700 

.829 

.325 

1750 

.837 

.33 

1950 

.871 

.34 

2000 

.883 

.345- 

2100 

.896 

.35 

2150 

.904 

.353 

2300 

.933 

.36 


HIGH TEMPERATURE REUSABLE SURFACE INSULATION (HRSI) 


Density ° 9.0 Ih/ft^ 


Ten^eraturl 

•f 

Pressure 

(PSP) 

Conductivity - Btu/ft-hr-*F 

0.21 

2.12 

21.16 

211.6 

2116. 

-250. 


0.0050 

0.0075 

0.0150 

0.0216 

0.0233 

0. 


0.0075 • 

0.0100 

0.0183 

0.0250 

0.0275 

250. 


0.0092 

0.0125 

0.0225 

0.0316 

0.0341 

500. 


0.0125 

0.0167 

0.0276 

0.0400 

0.0433 

"50. 


0.0175 

0.021^ 

0.0325 

0.0492 

0.0534 

1000. 


0.0233 

0.0275 

0.0392 

0.0600 

0.0658 

1250. 


0.0308 

0.0350 

0.0492 

0.0725 

0.0782 

1500. 


0.0416 

0.0459 

0.0617 

0.0875 

0.0942 

1750. 


0.0567 

0.0610 

0.0767 

0.1060 

0.1130 

2000. 


0.0734 

0.0782 

0.0942 

0.1270 

0.1360 

2300. 


0.0966 

0.1020 

0.1160 

0.1550 

0.1670 
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HRSI PROPERTIES CONTINUED 


Temperature 

“P 

Specific Heat 
Btu/lb-"P 

-250. 

0.070 

-150. 

0.105 

0. 

0.150 

250. 

0.210 

500. 

0.252 

750. 

0.275 

1000. 

0.288 

1250. 

0.296 

1500. 

0.300 

1700. 

0.302 

1750. 

0.303 

2300. 

0-303 


RTV BOND AND NOMEX FELT_^SIPljSOIgQSI^ 


Density - 12.28 Ib/ft^ Specific Heat - 0.29 Btu/lb-^F 




Temperature 

«F 

Conductivity 

Btu/ft-hr-®F 

40 

0.0182 

400 

0.0227 

540 

0.0301 

600 

0.0380 


2Q24-T8XX ALUMINUM 


Temperature 

«F 


-400 

-300 

-200 

0 

200 

300 

400 

600 


Density ■ 175 Ib/ft 


Specific Heat 
Btu/lb-*F 


0.088 

0.117 

0.147 

0.195 

0.216 

0.224 

0.233 

0.250 


3 


Conductivity 

Btu/ft-hr-*F 


69.6 

84.0 

95.0 

99.0 

102.5 

104.5 


C2 


t-I. 
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